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Abstract

Background: It has been reported that the NF-kB pathway, an important component of host defense system against
pathogens infections, can be differentially modulated by different Toxoplasma gondii strains, depending on the
polymorphism of the GRA15 protein. The recently isolated Toxoplasma strain T.gHB1 is a type 1 (ToxoDB#10) strain

but shows different virulence determination mechanisms compared to the classic type 1 strains like RH (ToxoDB#10).
Therefore, it is worth investigating whether the T.gHB1 strain (ToxoDB#10) affects the host NF-kB signaling pathway.

Methods: The effects of TgHB1 (ToxoDB#10) on host NF-kB pathway were investigated in HEK293T cells. The GRA15
gene product was analyzed by bioinformatics, and its effect on NF-kB activation was examined by Western blotting
and nuclear translocation of p65. Different truncations of TgHB1 GRA15 were constructed to map the critical domains
for NF-kB activation.

Results: We demonstrated that the NF-kB pathway signaling pathway could be activated by the newly identified
type 1 T.gHB1 strain (ToxoDB#10) of Toxoplasma, while the classic type 1 strain RH (ToxoDB#10) did not. T.gHB1 GRA15
possesses only one transmembrane region with an extended C terminal region, which is distinct from that of classic
type 1 (ToxoDB#10) and type 2 (ToxoDB#1) strains. TgHB1 GRA15 could clearly induce IkBa phosphorylation and p65
nuclear translocation. Dual luciferase assays in HEK293T cells revealed a requirement for 194-518 aa of TgHB1 GRA15
to effectively activate NF-kB.

Conclusions: The overall results indicated that the newly isolated type 1 isolate T.gHB1 (ToxoDB#10) had a unique
GRAT15, which could activate the host NF-kB signaling through inducing IkBa phosphorylation and p65 nuclear trans-
location. These results provide new insights for our understanding of the interaction between Toxoplasma parasites
and its hosts.
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Background
Toxoplasma gondii is a ubiquitous obligate intracellular
parasite that infects a wide range of warm-blooded ani-

Guanghao Guo and Jianmin Cui contributed equally to this work mals and humans [1]. Despite a large number of interme-
*Correspondence: yanginzhou@mail.hzau.edu.cn diate hosts, only domestic cats and other feline animals
! Key Laboratory Preventive Veterinary of Hubei Province, College ‘Can serve as Its fleﬁnltlve. hOStS‘ [2]. Human infection
of Veterinary Medicine, Huazhong Agricultural University, Wuhan 430070, 18 generally vaUIred bY ingesting undercooked meat
Hubei, People’s Republic of China containing tissue cysts or water, fruits or vegetables

Full list of author information is available at the end of the article

©The Author(s) 2022. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativeco
mmons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s13071-022-05429-x&domain=pdf

Guo et al. Parasites & Vectors (2022) 15:347

contaminated with oocysts [3]. It is established that 30%
of the world’s population was seropositive for toxoplas-
mosis. Infection by T. gondii is usually benign and asymp-
tomatic in healthy individuals. While severe outcomes
and even death may occur when Toxoplasma infection
happens in those with compromised immunity or organ
transplanted recipients [4].

Despite its high prevalence in the world, only one
specie for the genus of Toxoplasma has been defined
[5]. Thus far, > 200 Toxoplasma genotypes have been
recorded in the T. gondii database (http://toxodb.org/
toxo). Genotyping analysis showed a rich genetic diver-
sity within worldwide strains, suggesting the distribution
of T. gondii genotypes may vary greatly with geographi-
cal location [6]. The population structure of Toxoplasma
gondii was originally thought to consist of three main
clonal lineages (types 1, 2 and 3) [7]. In Europe and
North America, types 2 and 3 are the dominant strains
(as well as type 12 in North America). In South and Cen-
tral America, there are many atypical (non-clonal) strains
with no clear genotype dominant [8]. When assessed
in mice, the virulence of different 7. gondii strains dif-
fers significantly. Type 1 strains cause 100% mortality at
infection dose as low as one parasite per mouse. Type 2
and 3 strains cause moderate or no mortality depending
on doses [9]. A recent study showed that isolates from
North America, Europe, North Africa and Asia were not
lethal to mice at low infective doses, while isolates from
South America were mostly lethal to mice [10]. In China,
Toxoplasma isolates displayed limited genetic diversity
but showed diverse pathogenicity to mice. Genotyping
analysis showed that Chinese 1 lineage (ToxoDB#9) ranks
as the most prevalent isolate among all known strains
[11-13].

Toxoplasma invasion, growth and development inside
host cells involved complex interactions between host
and parasites [14—16]. Previous studies have shown that
different strains of Toxoplasma parasites can secrete dif-
ferent effectors into host cells and participate in modu-
lating different host signaling pathways [17, 18]. Other
studies revealed that this diversification was partly
caused by polymorphic parasitic effects. For example,
in a recent report, Zhang et al. described a novel Toxo-
plasma isolate T.gHB1 (ToxoDB#10), which is a type 1
strain determined by RFLP genotyping [19]. However, it
possesses different virulence determinant mechanisms as
a combined deletion of the parasite’s GRA7 plus ROP17
or GRA7 plus ROP18 genes only slightly attenuated par-
asite virulence in mice. Deleting the same sets of genes
in the classic type 1 strain RH (ToxoDB#10) drastically
reduced parasite virulence in mice [20, 21]. These data
suggest that T.gHB1 (ToxoDB#10) possesses polymor-
phic properties compared to other typical type 1 strains.
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The NF-«B pathway plays an important role in host
innate and adaptive immune systems. Earlier studies have
suggested that many pathogens have evolved numer-
ous strategies to modulate this host NF-«B signaling for
immune evasion or maintaining a safe shelter [22, 23].
For Toxoplasma parasites, type 2 but not the type 1 and
type 3 parasites can activate host NF-kB pathway, which
is determined by the parasite’s polymorphic dense gran-
ule protein called GRA15. Mice infected with a type
2 GRA15KO strain had a significantly higher parasite
burden than mice infected with a type 2 strain. Type 2
GRA15s induce NF-kB activation, increasing cell migra-
tion, thereby recruiting new cells to infect. Furthermore,
NF-kB-mediated inflammation leads to tissue damage,
allowing Toxoplasma to cross tissue barriers [24]. The
potential of T.gHB1 to modulate host NF-kB signaling
cascade has not been investigated thus far. In the current
study, we demonstrated that T.gHB1 imposed a positive
effect on activating host NF-«B pathway. Our results also
showed that T.gHB1 GRA15 contains one transmem-
brane region and an extended C-terminal region (518—
602 aa) compared to the type 2 strains. Furthermore, our
results showed that GRA15 alone efficiently activated
NF-xB and resulted in IxBa phosphorylation and p65
nuclear translocation. This process required 194-518
aa of GRA15. In contrast, our studies showed an inhibi-
tory effect of the typical type 1 strain RHAHX on NF-«kB.
Taken altogether, our results demonstrate the activation
of NF-«B by the recently discovered T.gHB1 type 1 strain
and suggest the divergence in NF-kB signaling modula-
tion by different type 1 Toxoplasma strains.

Methods

Parasites and cells

Toxoplasma parasites including T.gHB1 (ToxoDB#10)
were maintained in vitro by serial passaging on monolay-
ers of human foreskin fibroblast HFF cells in a 37 °C incu-
bator with 5% CO,. RHAHX (ToxoDB#10) and ME49
(ToxoDB#1) strains were used as representative type 1
strain and type 2 strain, respectively. HFF and human
kidney epithelial HEK293T cells were cultured in Dul-
becco’s Modified Eagle Medium (DMEM) supplemented
with 10% FBS (Gibco, Australia), 2 mM L-glutamine,
100 pg/ml penicillin and 100 U/ml streptomycin. Cells
and parasites were routinely checked for mycoplasma
contamination and found to be negative.

Plasmid construction

Primers were designed by using Primer Premier 5.0,
and the full-length coding sequences for GRA15 from
RHAHX, ME49 and T.gHBI strains were amplified from
tachyzoites cDNA by RT-PCR. The predicted ORF of
the respective strains was ligated into the pCMV-tag2B
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expression plasmid with N terminally tagged with FLAG,
and the recombinant plasmid was named pCMV-GRA15
(HB1), pPCMV-GRA15 (Me49) and pCMV-GRA15 (RH).
To further identify the potential domains of GRA15
required for host signaling modulation, the pCMV-
GRA15 (HB1) plasmid was used as template for PCR
amplification to generate the desired truncated protein
sequences. The resulting sequences were ligated into
pCMV-tag2B plasmid as described above to generate the
pCMV-GRA15-1, pCMV-GRA15-2, pCMV-GRA15-3,
pCMV-GRA15-4 and pCMV-GRA15-5 plasmids as illus-
trated in Fig. 5a. The primers used in this study are listed
in Table 1. All plasmids used in this study were verified
by sequencing and prepared using endotoxin free plas-
mid kit according to the manufacturer’s recommenda-
tions (Omega, USA).

Dual luciferase assay

To investigate NF-«xB activation, the dual luciferase
approach was adopted to detect the NF-kB promoter
activity. Briefly, HEK293T cells were grown in 24-well cell
culture plates at 60-80% confluency. For parasite treat-
ment, pNF-kB-Luc plasmids containing firefly luciferase
gene under the control of NF-kB promoter and pRL-TK,
which acts as an internal reference, were co-transfected
into HEK293T cells by Lipofectamine 2000 (Invitrogen,
USA). Six hours later, newly egressed tachyzoites were
harvested, counted and added into the HEK293T cells
as indicated; 24-h post parasites infection, cells were col-
lected and lysed, and luciferase activities were measured
as recommended (Promega, USA). To test the influence
of RHAHX on NF-«B signaling, HEK293T cells were
infected with RHAHX parasites; ME49 was used as a
positive control. Eighteen hours post-infection, human

Table 1 Primer sequences of GRA15 genes

Plasmids Primers
GRA15(HBT) F: AGCCCGGGCGGATCCATGGTGACAACAACCACGC

R: GGTATCGATAAGCTTTCATGGAGTTACCGCTG
GRA15(Me49) F: AGCCCGGGCGGATCCATGGTGACAACAACCACGC

R: GGTATCGATAAGCTTTCATGGAGTTACCGCTG
GRA15(RH) F: AGCCCGGGCGGATCCATGGTGACAACAACCACCC

R: GGTATCGATAAGCTTTCAACGATGTCCCCTCA
pCMV-GRA15-1  F: ACCCCACATCCTCACAACACACC

R: GGTATCGATAAGCTTTACTGCATACGCTCCTAGC
pCMV-GRA15-2  F: AGCCCGGGCGGATCCATGGTGACAACAACCACGC

R: GGTATCGATAAGCTTTGAGTCCTTTCTTIGTGC
pCMV-GRA15-3  F: AGCCCGGGCGGATCCATGGTGACAACAACCACGC

R: GGTATCGATAAGCTTCTCAGTTGGTACAGAGTAG
pCMV-GRA15-4  F: AGCCCGGGCGGATCCATGGGTAGTGATAGCCGGAACC

R: GGTATCGATAAGCTTCTCAGTTGGTACAGAGTAG
pCMV-GRA15-5  F: AGCCCGGGCGGATCCATGGGTAGTGATAGCCGGAACC

R: GGTATCGATAAGCTTTCATGGAGTTACCGCTG
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recombinant TNF-a was added at a final concentration
of 20 ng/ml and lasted for 6 h. Then, luciferase activi-
ties were detected as described above. HEK293T cells
were co-transfected with NF-kB and pRL-TK luciferase
reporter plasmid along with each of the GRA15-con-
taining plasmids, and after 24 h, the luciferase activity
was measured in cell lysates and all repeated three times
independently.

Parasite invasion assay

To eliminate the possibility that the diversification was
caused by differences in parasite invasion as each strain
may have different invasion ability in cells currently in
use, parasite invasion rates were evaluated. To do so,
HEK293T cells grown on coverslips (coverslips were
pre-coated with poly-L-lysine to enhance cell adhesion
and avoid washing away in the following process) were
infected with each parasite strain at MOIs of 2, 3, 6 and
9. One hour later, the extracellular parasites were washed
away and continued to grow to 18 h. Then, the coverslips
were fixed and detected by differential staining methods.
The average parasite invasion rate was calculated by this
formula: parasite invasion rate = (total parasite parasito-
phorous vacuole numbers—extracellular parasite num-
bers)/total host cell numbers [25].

Immunofluorescence assay (IFA)

Parasites were allowed to invade HEK293T cells on cov-
erslips at given MOIs and incubated for indicated time
points. Next, cells were fixed with 4% formaldehyde for
20 min at room temperature. For parasite invasion assay,
the extracellular parasites were stained with mouse
anti-SAG1 antibody first and then washed three times
using PBS. Then, cells were permeabilized and blocked
by treatment with 0.1% Triton X-100 and 5% FBS. Sub-
sequently, the coverslips were incubated with rabbit
anti-ALD antibody and then with the respective second-
ary plus Hoechst (goat anti-rabbit Alexa Fluor 594 and
goat anti-mouse Alexa Fluor 488; Invitrogen, USA). For
detection of p65 nuclear translocation and expression of
recombinant or truncated GRA15 proteins, coverslips of
transfected cells were incubated with primary antibod-
ies (mouse anti-FLAG and rabbit anti-p65; CST, USA) at
indicated time points. Images were acquired using Olym-
pus fluorescence microscopy system.

Western blot

HEK293T cells in six-well culture plates at 60—80% con-
fluency were transfected with an empty plasmid (as a
control) or recombinant plasmids or left untreated for
30 h. TNF-a was used as positive control. Samples were
washed with pre-chilled PBS, collected and lysed by RIPA
lysis buffer (Beyotime, Beijing). Protein concentration
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was measured by BCA method according to the manu-
facturer’s instructions (Beyotime, Beijing). Then, cell
lysates were boiled and subjected to SDS-PAGE and
transferred onto polyvinylidene difluoride membranes
(Millipore, USA). Membranes were blocked in TBST
with 1% BSA for 2 h at room temperature and probed
with primary antibodies (rabbit anti-p65, anti-phospho
p65; Ser536; CST, USA) or mouse anti-IkB and anti-
phospho IkB (Ser32/36; CST, USA). The mouse anti-
GAPDH (EarthOx, USA) was used as a loading control.
The primary antibodies were detected with HRP conju-
gated goat anti-mouse IgG or goat anti-rabbit IgG. The
membrane blots were visualized and scanned by chemi-
luminescence kit (Bio-Rad, USA).

Statistical analysis

All data analyses and graphs were performed using
GraphPad Premier 8.0 software package (Graph-
Pad Prism, San Diego, CA, USA). Statistical analyses
were done from raw data with a one-way ANOVA and
Student’s t-tests, where applicable. Data values were
expressed as means=+standard deviation (SD). Differ-
ences between tested groups were considered significant
if the P value was <0.05, indicated in the figures by aster-
isks (P<0.05, "P<0.01, "P<0.001 or ~P<0.0001; NS,
not significant). All experiments were repeated a mini-
mum of three separate times.

Results

Toxoplasma gondii strains differ in activation of the NF-kB
pathway

To detect the effects of different Toxoplasma strains
on host NF-kB signaling, we infected HEK293T cells
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with T.gHB1 and the archetypal representative strains
RHAHX and ME49 at MOI of 2, 3, 6 and 9. A strong
signal of NF-kB activation was observed after cell expo-
sure to ME49 and T.gHBI. Increased luciferase activity
was observed at higher MOlIs (Fig. 1a and b), whereas no
significant differences were detected between RHAHX
strain treatment and the blank control groups (Fig. 1c).
To further investigate whether RHAHX strain parasites
have an inhibitory effect on NF-kB activation, HEK293T
cells were infected with RHAHX parasites at MOI of 3
and 9 or left untreated for 18 h and followed by treat-
ment with TNF-a for 6 h. ME49 strain (a type 2 strain)
was used as control in this experiment. Results showed
that TNF-a alone was sufficient to induce a strong NF-xB
response (Fig. 2a). However, cells that were pre-treated
with RHAHX parasites showed weakened reaction to
TNF-a stimulation as reflected by downregulation of
luciferase activity (P<0.01) (Fig. 2a), which suggests that
RHAHX parasites exert an inhibitory effect on NF-«xB
signaling in HEK293T cells. In contrast, ME49 para-
sites showed a synergistic effect with TNF-a on host cell
NEF-«kB signaling (Fig. 2b). Taken together, these results
demonstrate that different strains of Toxoplasma differ in
their ability to activate the host NF-«B signaling pathway.
Unlike type 1 RHAHX strain, T.gHB1 strain imposes a
positive effect on NF-«B signaling in HEK293T cells.

Parasite invasion ability does not contribute to differences
in NF-kB activation

The invasion ability of Toxoplasma may be different for
different strains and thus may lead to significant changes
of host cell responses to parasite infection. To exclude the
possibility that there are differences in NF-«kB responses
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Fig. 1 Toxoplasma gondii strains differ in their ability to activate the NF-kB promoter. a Toxoplasma gondii ME49s activate the NF-kB promoter.
pNF-kB-Luc and pTL-TK plasmids were co-intransfected into HEK293T cells together with empty vector (blank) or infected with T. gondii ME49
at multiple MOls. Eighteen hours post-infection, luciferase activity was measured. The relative luciferase activity was calculated by normalizing
the fluorescence signals to the background. Error bars represent standard error. Data are presented as the average values of three independent
experiments. b T.gHB1s activate the NF-kB promoter. ¢ Toxoplasma gondii RHAHX cannot activate the NF-kB promoter. (P<0.05; " P<0.0001; NS
not significant)
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Fig. 2 Different T. gondii strains at multiple MOls inhibit activation of the NF-kB promoter. a pNF-kB-Luc and pTL-TK plasmids were co-intransfected
into HEK293T cells followed by no treatment (blank) or infected with T. gondii RHAHX. Six hours later, newly egressed tachyzoites were harvested,
counted and added into the HEK293T cells as indicated. Eighteen hours post-infection, human recombinant TNF-a was added at a final
concentration of 20 ng/ml and lasted for 6 h, and TNF-a was not added to the control (Ctrl). Twenty-four hours post-infection, cells were collected,
lysed and luciferase activities were measured as recommended. The results of luciferase activity in each sample are presented as the average of
three independent experiments. b Toxoplasma gondii strains from Me49 cannot inhibit activation of the NF-kB promoter. The results of luciferase
activity in each sample are presented as the average of three independent experiments (“P<0.01)

in HEK293T cells to different Toxoplasma parasites, we
conducted parasite invasion assays of different para-
site strains in HEK293T cells at multiple MOIs of 2, 3, 6
and 9. Results indicated that different parasite invasion
rates were observed at the same MOI between different
parasite strains (Fig. 3a). To achieve comparable parasite

invasion rates in HEK293T cells, the MOIs of six for
RHAHX and nine for T.gHB1 and ME49 were selected in
all subsequent assays. The results revealed that T.gHB1
strain as well as ME49 showed an obvious activation level
of the NF-«xB pathway as previously described (Fig. 3b).
However, no detectable NF-«kB signal was detected in
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Fig. 3 Differences in T gondii parasite invasion ability do not affect the strain-specific activation of NF-kB promoter. HEK 293 T cells were infected
with T. gondii for 18 h and fixed; the extracellular and intracellular parasites were distinguished by differential IFA staining. a The overall parasite
invasion rate for each strain in HEK293T cells. The percentage of infection was determined by counting at least 15 HEK293T cells for each strain at
each MOI. b MOI for different parasites was adjusted to make comparative parasite invasion rate in HEK293T cells; 18 h post infection, the luciferase
activity was measured in cell lysates. Data are presented as the mean relative luciferase intensity with standard deviation of three independent
experiments (" P<0.0001 and NS not significant)
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the RHAHX infected cells (Fig. 3b). These data suggest
that the differences in activation of host NF-kB pathway
between Toxoplasma strains were not determined by
parasite invasion ability in HEK293T cells.

GRA15 of T.gHB1 is able to activate the NF-kB pathway

A previous report has shown that the Toxoplasma effec-
tor protein GRA15, a novel dense granule protein, from
type 2 parasites can contribute to host NF-«xB activa-
tion, whereas a similar protein of the type 1 parasite
(e.g, RHAHX) cannot [24]. Therefore, we set out to
examine whether the GRA15 protein of the recently
discovered T.gHB1 strain can exert an effect on NF-«B
pathway in HEK293T cells. To do so, the plasmids encod-
ing T.gHB1 GRA15, RHAHX GRA15, ME49 GRA15 as
well as an empty plasmid (as a control) were individu-
ally transfected into HEK293T cells along with a lucif-
erase reporter plasmid and an internal control plasmid
as described in the Materials and Methods section. Lucif-
erase activities were detected, and the results suggested
that expression of T.gHB1 GRA15 induced high levels of
NF-«B activation (Fig. 4a, d) and demonstrated that the
activation was dose-dependent, whereas expression of
RHAHX GRA15 barely induced NF-kB activation. These
data suggest that the GRA15 proteins of type 2 strain
and T.gHB1 can mediate NF-«B activation, whereas the
RHAHX GRA15 cannot.

NF-«B activation involves a complex cascade of host
cell signaling that includes phosphorylation and nuclear
translocation of the transcription factors [26]. To inves-
tigate the effects of T.gHB1 GRA15 on NF-kB transcrip-
tion factor function, HEK293T cells were cultured in
six-well culture plates and transfected with plasmids
encoding T.gHB1 GRA15 or the ME49-derived GRA15
as a positive control. The total protein expression profiles
of p65 and phosphorylated p65 (p-p65) were determined
by Western blotting. The results showed a significant
increase of p65 and phosphorylated p65 levels in cells
that express T.gHB1 GRA15 and ME49 GRA15 com-
pared to the control cells (Fig. 4b). In addition, translo-
cation of the p65 protein into the cell nucleus was also
verified by co-staining with nuclear Hoechst (Fig. 4c).
These results suggest that T.gHB1 GRA15 alone can acti-
vate NF-kB pathway, which results in p65 phosphoryla-
tion and nuclear translocation, while RHAHX GRA15
cannot.

Identification of functional domain of TgHB1 GRA15

that can activate the NF-kB promoter

Bioinformatics analysis revealed a distinct protein struc-
tural pattern between T.gHB1 GRA15 and ME49 GRA15
(Fig. 5a). As compared to type 2 GRA15, GRA15 from
T.gHB1 contains only one transmembrane region and
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a longer C terminal extension (518-602 aa). To further
identify the potential functional domains required for
NF-«xB promoter activation, we constructed plasmids to
express GRA15 truncated protein-encoding sequences
and introduced each of them into host cells (Fig. 5a). Our
assays indicated that expression of the truncated proteins
that include GRA15, 5,5, GRA15,4, 5,5 and GRA15,4, ¢35
mediated relatively high levels of NF-kB driven tran-
scription of luciferase gene expression (P<0.01) (Fig. 5b).
GRA15,_,9; showed no effects on NF-kB promoter acti-
vation. When cells were transfected with GRA15; ;¢
plasmids, the resulting protein induced the strong-
est fluorescence signals in HEK293T cells (Fig. 5b). As
expected, the GRA15, 5,4 induced about an equal level
of nuclear translocated p65 compared to the full-length
T.gHB1 GRA15 protein (Fig. 5¢). In addition, the effect of
GRAI15, 5,4 on p65 nuclear translocation was confirmed
by IFA (Fig. 5d). In summary, these data demonstrate that
1-518 aa of T.gHB1 GRA15 was mainly responsible for
efficient NF-«B activation in HEK293T cells.

NF-kB subunit activation and nuclear translocation
relied greatly on the phosphorylation and degradation
of NF-«B inhibitor, IkB«, by proteasome [27]. We there-
fore determined the overall expression levels of IkBa
and phosphorylated IxBa (P-IkBa) by immunoblotting.
Results revealed that the amounts of phosphorylated
IkBa in cells transfected with ME49 GRA15, T.gHB1
GRA15 and T.gHB1 GRA15, ;¢ plasmids were signifi-
cantly higher (P<0.05) than in the controls. These results
indicate that T.gHB1 GRA15 can activate the classic
NF-«B pathway via the phosphorylation and inactivation
of the IxBa protein (Fig. 5e). Furthermore, we inhibited
the action of the proteasome and showed that the activa-
tion of GRA15 was inhibited (Fig. 5f).

Discussion
Toxoplasma gondii is an important member of Apicompl-
exan protozoan, which infects many animals and humans
worldwide [28]. Previous studies have reported that
Toxoplasma strains or isolates display marked genetic
diversity with geographic distribution, thus resulting in
differences in disease pathogenesis and host signaling
modulations by the different parasites [29]. In the pre-
sent study, we describe the ability of a type 1 Toxoplasma
isolate that was isolated in Central China to exhibit a
distinct characteristic in host signaling modulation com-
pared to other known classic type 1 parasites. This newly
discovered Toxoplasma strain named T.gHB1 has previ-
ously been reported by us to exhibit an alternative viru-
lence determinant compared to other typical parasites of
the type 1 strain, such as the RHAHX strain [19].

In the current work, we presented experimental evi-
dence for another polymorphic aspect of T.gHB1 in host
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Fig. 4 T.gHB1 GRA15 activates NF-kB promoter. a TgHB1 GRA15 expression plasmid was co-transformed with NF-kB-Luc and pTL-TK plasmids
into HEK293T cells. After 24 h, the luciferase activity was measured in cell lysates. Data are presented as the values with standard error of three
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GRA15 expression plasmid was co-transformed with NF-kB-Luc and pTL-TK plasmids into HEK293T cells with increasing amounts of GRA15 plasmid.
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Fig. 5 Identification of potential functional domains in TgHB1 GRA15 for NF-kB promoter activation. a Illustration of full-length and truncated
GRA15 proteins. Bioinformatics analysis was performed on the full length of GRA15 (T.gMe49), GRA15 (T.gHB1) and GRA15 (T.gRH). GRA15 (T.gHB1)
and GRA15 (T.gRH) have a transmembrane region (the area marked in red). GRA15 (T.gMe49) has two transmembrane regions (areas highlighted
in red) and lacks 518-602 AA regions compared to GRA15 (T.GHB1). Five truncated plasmids were constructed according to this design. b HEK293T
cells were co-transfected with NF-kB luciferase reporter plasmid along with each of the GRA15-containing plasmids, and after 24 h, the luciferase
activity was measured in cell lysates. Data are presented as the values with standard error of three independent experiments. ¢ The FLAG-tagged
GRA15-containing plasmid GRA15, ;4 (3) was transfected into HEK293T cells for 24 h, and p65 was stained by IFA. Hoechst, DNA-intercalating

dye. d The percentage of cells expressing FLAG tag was calculated, and p65 positivity in the cell nucleus was assessed by co-staining with the
FLAG-positive cells. Data were generated in three independent experiments (mean £ SD; n = 3). e HEK293T cells were transfected with different
GRA15-containing plasmids as indicated for 30 h. TNF-a was used as positive control. Expression levels of IkBa and of phosphorylated IkBa were
detected by Western blotting. GAPDH was used as a loading control. f HEK293T cells were co-transfected with NF-kB and pTL-TK luciferase reporter
plasmid along with each of the GRA15-containing plasmids, and 18 h post, MG-132 was added and lasted for 6 h. After 24 h the luciferase activity

was measured in cell lysates. Data are presented as the values with standard error of three independent experiments (" P<0.001; " "P<0.0001; NS
not significant)
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cellular NF-«B signaling. Infection of HEK293T cells by
T.gHB1 significantly increased the NF-xkB-dependent
transcription of luciferase reporter gene, similar to the
type 2 ME49 strain (Fig. 1b). Furthermore, a stronger
luciferase activity was correlated with increased parasite
burdens by the T.gHB1 and ME49, but not by a typical
type 1 strain RHAHX (Fig. 1). In contrast, we observed
an inhibitory effect of RHAHX parasites on NF-«B acti-
vation as illustrated by a reduction of luciferase activity
in TNF-a primed cells (Fig. 2). To exclude the possibil-
ity that the divergence in NF-kB modulation was caused
by parasite invasion ability in HEK293T cells, cellular
parasite invasion rates were tested at multiple MOIs and
were accordingly adjusted in all subsequent assays. Taken
altogether, our data suggest that the differences of NF-«xB
activation in HEK293T cells by different strains of the
parasite was not due to parasite invasion ability, but it is
the genetic differences of the parasites that may explain
their ability to mediate NF-«kB activation in HEK293T
cells.

We observed that HB1 and Me49 strains significantly
activated the NF-kB pathway in 293 T cells. Interestingly,
RH strains had a certain inhibitory effect. It is proved that
different strains of the worm have completely different
regulation of the host signaling pathway. Different from
GRA15, ROP18 has been shown to inhibit the NF-kB
pathway in the host [30], demonstrating that T. gondii
can use different effector proteins to regulate different
responses to the same signaling pathway in the host. This
may account for the wide range of T. gondii hosts.

Previous studies have reported that host NF-«kB path-
way can be regulated by GRA15 from type 2 Toxoplasma
parasites [24]. We therefore set out to test the potential
impact of T.gHB1 GRA15 on the modulation of NF-xB
cascade in HEK293T cells. Our results indicate that
T.gHB1 GRA15 has a different topological structure com-
pared to type 2 GRA15. T.gHB1 GRA15 contains 635 aa
residues consisting of a predicted transmembrane with a
long C terminal extension. The impact of T.gHB1 GRA15
on NF-kB pathway was valued by assays. Our dual lucif-
erase results showed that the expression of T.gHB1
GRA15 in HEK293T cells can remarkably upregulate
the levels of fluorescence signals compared to the con-
trol. Furthermore, our Western blotting results combined
with p65 co-staining with Hoechst nuclear dye confirm
the ability of the T.gHB1 GRA15 to mediate phospho-
rylation and nuclear translocation of the p65 protein to
modulate the NF-«xB pathway.

GRA7 and GRA14 were reported, which can partially
activate the NF-«B signaling pathway, whereas GRA15
was essential for NF-kB activation. Cells infected with
the PruAgral5 parasite showed reduced phosphoryla-
tion of inhibitor-kBa [31]. It shows that GRA15 is an
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important factor activation of host NF-kB signaling path-
way. Furthermore, GRA15 was found to interact with
TNF receptor-associated factors (TRAFs) to activate this
pathway. TRAFs are the upstream functional junction
protein of NF-«B transcription factor. The loss of TRAF
binding sites in GRA15 significantly reduces its NF-xB
pathway activation, while TRAF2 knockout cells also
impair GRA15-mediated NF-«kB activation [32].

As dense granule proteins (e.g., GRA15) are generally
structurally polymorphic and possess little homology to
each other [33, 34], and the lack annotation of the GRA15
functional domains, in particular, impedes our under-
standing of the precise mechanism by which GRA15
activates host NF-kB pathway. We therefore set out to
map the functional domains of the T.gHB1 GRA15 by
characterizing several truncated versions of this protein
in HEK293T cells to mediate NF-kB activation. Our data
suggest that 194-518 aa of T.gHB1 GRAI15 are required
for optimal activation of the NF-kB promoter. Although
the underlying mechanism of how T.gHB1 GRA15 acti-
vates the NF-xB promoter is unknown, we predict that
1-193 aa of the T.gHB1 GRA15 may have a coenzyme
like role or act as a scaffold for the full-length T.gHB1
GRA15 protein.

IkBa is an inhibitor of the NF-«B subunits in cells at the
resting state. Once cells are activated by stimulus treat-
ment or pathogen infection, IkBa can be phosphorylated
and degraded by proteasome, thus allowing the NF-«xB
subunits to be phosphorylated and transported into the
cell nucleus [27]. Our results indicate that the full-length
T.gHB1 GRAI15 and its GRA15, ;5 version can sig-
nificantly increase the amount of phosphorylated IxBa
(Fig. 5e), which suggests that T.gHB1 GRA15 initiates
NF-«B activation by phosphorylation of IkBa, similar to
what has been observed with the ME49 GRA15.

Conclusion

We provide experimental data to show that a newly dis-
covered Toxoplasma isolate T.gHB1 from Central China
that belongs to type 1 parasites is unique in that, unlike
the classical type 1 strains, T.gHB1 can exert a positive
effect on the host NF-kB pathway. The molecular mech-
anism and biological significance of T.gHB1 on host
NF-kB manipulation deserve more attention in future
studies.

Acknowledgements
We thank Dr. Hinh Ly, Professor of Veterinary and Biomedical Sciences at the
University of Minnesota, for his timely and careful editorial assistance.

Author contributions

YZ designed the study; GG, JC, LS and SF performed the experiments and
analyzed the data; GG, JC drafted the article and all the authors had final
approval of the version to be submitted. All authors read and approved the
final manuscript.



Guo et al. Parasites & Vectors (2022) 15:347

Funding
This study was supported by the National Natural Science Foundation of
China (grant no. 31272553).

Availability of data and materials
Data supporting the conclusions of this article are included within the article.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
No potential conflict of interest was reported by the authors.

Author details

'Key Laboratory Preventive Veterinary of Hubei Province, College of Veteri-
nary Medicine, Huazhong Agricultural University, Wuhan 430070, Hubei,
People’s Republic of China. 2State Key Laboratory of Agricultural Microbiology,
Huazhong Agricultural University, Wuhan 430070, Hubei, People’s Republic

of China.

Received: 28 April 2022 Accepted: 13 July 2022
Published online: 29 September 2022

References

1. Tenter AM, Heckeroth AR, Weiss LM. Toxoplasma gondii: from animals to
humans. Int J Parasitol. 2000;30:1217-58.

2. Dubey JP. Tachyzoite-induced life cycle of Toxoplasma gondiiin cats. J
Parasitol. 2002;88:713-7.

3. CaradonnaT, Marangi M, Del Chierico F, Ferrari N, Reddel S, Bracaglia G,
et al. Detection and prevalence of protozoan parasites in ready-to-eat
packaged salads on sale in Italy. Food Microbiol. 2017,67:67-75.

4. Boothroyd JC, Grigg ME. Population biology of Toxoplasma gondii and its
relevance to human infection: do different strains cause different disease?
Curr Opin Microbiol. 2002;5:438-42.

5. Johnson AM. Is there more than one species in the genus Toxoplasma?
Tokai J Exp Clin Med. 1998;23:383-9.

6.  SuC Khan A, Zhou P, Majumdar D, Ajzenberg D, Dardé ML, et al. Globally
diverse Toxoplasma gondii isolates comprise six major clades originating
from a small number of distinct ancestral lineages. Proc Natl Acad Sci
USA. 2012;109:5844-9.

7. Howe DK, Sibley LD. Toxoplasma gondii comprises three clonal line-
ages: correlation of parasite genotype with human disease. J Infect Dis.
1995;172:1561-6.

8. Shwab EK, Zhu XQ, Majumdar D, Pena HF, Gennari SM, Dubey JP, et al.
Geographical patterns of Toxoplasma gondii genetic diversity revealed by
multilocus PCR-RFLP genotyping. Parasitology. 2014;141:453-61.

9. Robert-Gangneux F, Dardé ML. Epidemiology of and diagnostic strategies
for toxoplasmosis. Clin Microbiol Rev. 2012;25:264-96.

10. Shwab EK, Jiang T, Pena HF, Gennari SM, Dubey JB, Su C. The ROP18
and ROP5 gene allele types are highly predictive of virulence in mice
across globally distributed strains of Toxoplasma gondii. Int J Parasitol.
2016;46:141-6.

11. Wang L, Chen H, Liu D, Huo X, Gao J, Song X, et al. Genotypes and mouse
virulence of Toxoplasma gondii isolates from animals and humans in
China. PLoS ONE. 2013;8:53483.

12. Cheng W, Liu F, Li M, Hu X, Chen H, Pappoe F, et al. Variation detection
based on next-generation sequencing of type Chinese 1 strains of
Toxoplasma gondii with different virulence from China. BMC Genomics.
2015;16:888.

13. Qian W, Wang H, Su C, Shan D, Cui X, Yang N, et al. Isolation and charac-
terization of Toxoplasma gondii strains from stray cats revealed a single
genotype in Beijing. China Vet Parasitol. 2012;187:408-13.

Page 10 of 10

14. Bradley PJ, Ward C, Cheng SJ, Alexander DL, Coller S, Coombs GH, et al.
Proteomic analysis of rhoptry organelles reveals many novel constitu-
ents for host-parasite interactions in Toxoplasma gondii. J Biol Chem.
2005;280:34245-58.

15. Blader 1], Saeij JP. Communication between Toxoplasma gondii and its
host: impact on parasite growth, development, immune evasion, and
virulence. APMIS. 2009;117:458-76.

16. Melo MB, Nguyen QP, Cordeiro C, Hassan MA, Yang N, McKell R, et al.
Transcriptional analysis of murine macrophages infected with different
Toxoplasma strains identifies novel regulation of host signaling pathways.
PLoS Pathog. 2013;9:21003779.

17. Saeij JP, Coller S, Boyle JP, Jerome ME, White MW, Boothroyd JC. Toxo-
plasma co-opts host gene expression by injection of a polymorphic
kinase homologue. Nature. 2007;445:324-7.

18. Hakimi MA, Bougdour A. Toxoplasma's ways of manipulating the host
transcriptome via secreted effectors. Curr Opin Microbiol. 2015;26:24-31.

19. Zhang W, Li L, Xia N, Zhou Y, Fang R, He L, et al. Analysis of the virulence
determination mechanisms in a local Toxoplasma strain (T.gHB1) isolated
from central China. Parasitol Res. 2016;115:3807-15.

20. Etheridge RD, Alaganan A, Tang K, Lou HJ, Turk BE, Sibley LD. The Toxo-
plasma pseudokinase ROP5 forms complexes with ROP18 and ROP17
kinases that synergize to control acute virulence in mice. Cell Host
Microbe. 2014;15:537-50.

21. Alaganan A, Fentress SJ, Tang K, Wang Q, Sibley LD. Toxoplasma GRA7
effector increases turnover of immunity-related GTPases and con-
tributes to acute virulence in the mouse. Proc Natl Acad Sci USA.
2014;111:1126-31.

22. Zhang Q, Ma J, Yoo D. Inhibition of NF-kB activity by the porcine epi-
demic diarrhea virus nonstructural protein 1 for innate immune evasion.
Virology. 2017;510:111-26.

23. Calegari-Silva TC, Pereira RM, De-Melo LD, Saraiva EM, Soares DC, Bellio M,
et al. NF-kappaB-mediated repression of iNOS expression in Leishmania
amazonensis macrophage infection. Immunol Lett. 2009;127:19-26.

24. Rosowski EE, Lu D, Julien L, Rodda L, Gaiser RA, Jensen KD, et al. Strain-
specific activation of the NF-kappaB pathway by GRA15, a novel Toxo-
plasma gondii dense granule protein. J Exp Med. 2011;208:195-212.

25. Mital J, Meissner M, Soldati D, Ward GE. Conditional expression of
Toxoplasma gondii apical membrane antigen-1 (TJAMAT1) demonstrates
that TJAMA1 plays a critical role in host cell invasion. Mol Biol Cell.
2005;16:4341-9.

26. van Delft MA, Huitema LF, Tas SW. The contribution of NF-kB signalling to
immune regulation and tolerance. Eur J Clin Invest. 2015;45:529-39.

27. Mitchell S, Vargas J, Hoffmann A. Signaling via the NFkB system. Wiley
Interdiscip Rev Syst Biol Med. 2016;8:227-41.

28. Torgerson PR, Mastroiacovo P. The global burden of congenital toxoplas-
mosis: a systematic review. Bull World Health Organ. 2013;91:501-8.

29. Laliberté J, Carruthers VB. Host cell manipulation by the human pathogen
Toxoplasma gondii. Cell Mol Life Sci. 2008;65:1900-15.

30. DuJ,AnR,ChenL, ShenY,ChenY, Cheng L, et al. Toxoplasma gondii
virulence factor ROP18 inhibits the host NF-kB pathway by promoting
p65 degradation. J Biol Chem. 2014;289:12578-92.

31. IharaF, Fereig RM, HimoriY, Kameyama K, Umeda K, Tanaka S, et al.
Toxoplasma gondii Dense Granule Proteins 7, 14, and 15 are involved in
modification and control of the immune response mediated via NF-kB
pathway. Front Immunol. 2020;11:1709.

32. Sangaré LO, Yang N, Konstantinou EK, Lu D, Mukhopadhyay D, Young LH,
et al. Toxoplasma GRA15 Activates the NF-kB Pathway through Interac-
tions with TNF receptor-associated factors. MBio. 2019;10(4):e00808-19.
https://doi.org/10.1128/mbio.00808-19.

33. Mercier C, Cesbron-Delauw MF. Toxoplasma secretory granules: one
population or more? Trends Parasitol. 2015;31:60-71.

34. Mercier C, Adjogble KD, Daubener W, Delauw MF. Dense granules: are
they key organelles to help understand the parasitophorous vacuole of
all apicomplexa parasites? Int J Parasitol. 2005;35:829-49.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


https://doi.org/10.1128/mbio.00808-19

	Activation of NF-κB signaling by the dense granule protein GRA15 of a newly isolated type 1 Toxoplasma gondii strain
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Methods
	Parasites and cells
	Plasmid construction
	Dual luciferase assay
	Parasite invasion assay
	Immunofluorescence assay (IFA)
	Western blot
	Statistical analysis

	Results
	Toxoplasma gondii strains differ in activation of the NF-κB pathway
	Parasite invasion ability does not contribute to differences in NF-κB activation
	GRA15 of T.gHB1 is able to activate the NF-κB pathway
	Identification of functional domain of T.gHB1 GRA15 that can activate the NF-κB promoter

	Discussion
	Conclusion
	Acknowledgements
	References




